number of target specificities, capability of multiplexing, and incubation requirements (isothermal/ thermocycling). Extensive clinical applications comprise detection of single-nucleotide polymorphisms, study of gene expression, in situ PCR, and quantification of pathogen load.
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Over the last 2 decades, fluorescence-based homogenous assays for the detection and quantification of nucleic acids (NA) 4 have had significant impacts on a broad range of applications in research and clinical diagnostics (1, 2 ) . In various real-time NA testing (NAT) procedures, target-specific, fluorescently labeled probes have contributed to increased costs of analysis. However, recently developed novel methods for universal sequence dependent (USD) NAT are superior to conventional approaches in that they employ standardized fluorogenic reagents that provide costefficient detection of various targets.
Established real-time amplification techniques usually employ unselective intercalating dyes or targetspecific fluorescently labeled oligonucleotides (3) (4) (5) . The intercalating dyes are appropriate for inexpensive real-time monitoring but are restricted in terms of multiplexing (6 ) . Moreover, they require post-PCR melting-curve analysis to distinguish specific products from amplification artifacts (7 ) . In contrast, NA detection using dual-labeled target-specific oligonucleotides, such as hydrolysis probes or molecular beacons, is based on the fluorescence resonance energy transfer (FRET) between 2 fluorescent moieties, and direct interaction with the target sequence (8 ) . This method enables the detection of multiple targets in a reaction by applying target-specific probe sequences in combination with distinct fluorophore and quencher pairs (8 ) . But this method can increase the cost of analysis, because dual-labeled oligonucleotides are more expensive than intercalating dyes or label-free oligonucleotides. Moreover, the increase in cost is directly proportional to the increase in the number of individual targets.
We provide a critical review of the recently developed alternative USD NAT methods that enable the detection of multiple targets in a cost-effective manner without employing any labeled sequence-specific probes. These methods involve the molecular decoupling of the initial target-probe interaction from the subsequent fluorogenic reaction, which is done by using target-specific, label-free oligonucleotides in combination with a standardized set of target-independent fluorogenic reporter molecules that can be used in all assays.
The reviewed USD NAT methods are illustrated in Figs. [1] [2] [3] [4] [5] . Their requirements and different characteristics are summarized in Table 1 , and their clinical applications are referenced in Table 2 . An overview of the individual cost-related characteristics is given in Table 3 .
Requirements of USD NAT
An ideal USD NAT assay must fulfill a series of requirements, which we have listed based on Moser et al. (9 ) : (a) target-independent reporter molecules for flexible and cost-efficient adaptation to different target sequences; (b) capability to multiplex for detecting multiple targets in high-throughput screenings; (c) platform-independent reaction chemistry for highly diversified end-user applications; and (d) implementation based on conventional PCR protocols. The analytical validity of an assay is influenced by misprimed amplification products, primer dimers, or carryover contaminations amplified with the same primer sets. The detection of these artifacts can mistype the sample as false positive or reduce the sensitivity and contribute to an increased background signal. Therefore, (e) the exclusion of nonspecific product detection is required for more precise results.
The following sections of the review describe the target amplification-based methods followed by a description of amplification-independent methods. We cover the clinical applications that have been demonstrated. We also consider in a special section the ways in which the requirements specified above are fulfilled by the individual assays.
Target Amplification with Bipartite Primer
There are numerous approaches of universal NA detection that utilize enzymatic amplification with a primer pair having at least 1 primer tailed with a generic sequence tag [typically around 15 to 60 nucleotides (nt)], which is referred to as a bipartite first-stage primer. In the first rounds of amplification, the primer elongation generates a complementary sequence tag (Fig. 1A) . The tag and its complement are then introduced to the nascent products (Fig. 1B) , which represent the capture probe, for unimolecular, bi-, or multimolecular detection strategies. In most of these approaches, universal second-stage primers hybridize to the generic tag of the first-stage product and initiate its amplification (Fig. 1C) .
Universal FRET primer. The universal energy transferlabeled primer (UniPrimer) (10 ) [or Universal AmpliFluor TM (11 ) ] consists of a tag-specific 3Ј portion and a 5Ј terminal hairpin structure ( Fig. 2A) . Ini- Symbols: black arrow, primer; grey bar universal tag; grey arrow, universal primer. First-stage target amplification with primers, one of which is modified with a generic tag (bipartite primer; target-specific sequence, black; generic sequence, grey). (A), Several stages of amplification introduce the tag sequence to the amplicon. (B), In subsequent cycles, amplification of the firststage amplicon (boxed amplicon) can be carried out using a universal second-stage primer (grey) and a target-specific primer (black). (C), The tagged amplicon is used in the reaction schemes shown in Figs. 2 and 3. tially, the formation of the hairpin approximates the fluorophore and the quencher molecule in close vicinity, thereby enabling an efficient FRET-based quenching of the fluorophore. Together with a bifunctional first-stage primer, the tagged amplification product serves as the chimeric template with a generic priming site. In the cycles that follow, the UniPrimer anneals to the tag and directs the target amplification. During target duplication, the UniPrimer is unfolded and converted to a linear structure, with an increased distance between fluorophore and quencher, thereby resulting in restored emission ( Fig. 2A) .
The UniPrimer is structurally related to a targetspecific dual-labeled AmpliFluor primer (12 ) , but, by contrast, it anneals to the tag outside the actual target sequence. Therefore, the nonspecific amplification products of first-stage primers, primer dimers, or heterologous contamination can initiate UniPrimer hybridization that results in signal generation. Fluorescence emission resulting from such amplification artifacts can also be observed for different concentrations of the UniPrimer and within a broad range of annealing temperatures (13 ) . The supplier's recommendation (14 ) and the available assay protocols mention the use of a 10-fold excess of UniPrimer over a bipartite first-stage primer, as the latter is employed only to trigger the initial rounds of amplification (10, 11 ) . However, observance of these guidelines can lead to the formation of nonspecific product(s). Conversely, the use of equimolar concentrations has been reported to decrease the formation of nonspecific product(s) and improve the genotype discrimination Symbols: black arrow, primer; grey box, universal tag; green circle, fluorophore; grey circle, quencher. (A), UniPrimer PCR: the doubly labeled, hairpin-shaped UniPrimer anneals to the tagged amplicon (a) and is elongated [(b), boxed amplicon]. Annealing of the complementary reverse primer (c) unfolds the hairpin structure and increases the distance between the fluorophore and quencher (d). (B), Universal hydrolysis probe PCR: a universal forward primer and universal hydrolysis probe anneal to the tagged amplicon (a). Upon elongation of the primer the hydrolysis probe is cleaved. Amplification is carried out employing a target-specific reverse primer (b). Variants of this technique have been reported, which basically employ a tag-complementary hydrolysis probe. (C) Universal molecular beacon PCR: a universal molecular beacon hybridizes to the tag sequence of the amplicon, emitting a fluorescence signal (a). A target-specific reverse primer is elongated, whereby the universal molecular beacon is displaced and converted to a hairpin with quenched fluorescence state. Amplification is carried out with a bipartite first-stage forward primer (b). (13 ) . Therefore, optimized ratios of target-specific bipartite primer and UniPrimer should be employed for each target to minimize these interferences (11 ) . The UniPrimer PCR has been successfully demonstrated for SNP typing of clinical samples (11, 13 ) and in situ PCR (10 ) .
Universal dual-labeled FRET probes. The use of bipartite first-stage primers along with a universal FRET probe leads to sensitive NAT and obviates the need for target-specific probes (Fig. 2, B and C) . Various approaches have been devised, in which a universal FRET probe interacts with the tag (15, 16 ) or its complement (17, 18 ) . A 2-stage PCR strategy (18 ) was developed, in which a bipartite primer set was employed for the target-specific amplification by incorporating a universal tag into the amplicon. After the initial PCR cy- 
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Review cles, the universal second-stage primer and the universal hydrolysis probe anneal to their respective loci on the complementary tags. Subsequently, the hydrolysis probe is cleaved upon the elongation of the universal primers, which leads to an increase in the fluorescence signal. The complexity of the assay format was reduced slightly by employing only 1 bipartite first-stage forward primer and 1 target-specific reverse primer (17 ) (Fig. 2B ). The requirement for long tags has been obviated by the attached universal template probe (AUTP) assay (16 ) , because this assay does not require any universal primers. The forward primer is tagged with a generic sequence that is complementary to the universal hydrolysis probe. The elongation of the reverse primer leads to the disintegration of the universal hydrolysis probe and the generation of a fluorescence signal.
A universal molecular beacon assay ( Fig. 2C ) was also developed by using the same primer orientation (15, 19 ) . Initially, the molecular beacon is associated with the complementary tag. Therefore, the fluorophore and quencher are separated and maximum fluorescence signal can be acquired. However, upon target duplication, the polymerase with strand displacement activity displaces the molecular beacon that forms a stable hairpin, and the fluorescence emission is quenched during target amplification.
The NAT methods described above are distinct from the conventional probe-based methods (20 -22 ) because they employ the bipartite first-stage primer for the universal detection system and obviate the use of tailor-made dual-labeled probes. The amplification systems with 1 tagged primer, comprising a short tag (around 25 nt) (15, 16 ) , are flexible and cost-effective and reduce the risk of formation of nonspecific secondary structures. The recognition sequence of the probe outside the target region enables the optimization of the tag and the dependent probe sequence so that nonspecific interaction with the target or primer molecules can be eliminated. Moreover, the short amplification fragments can increase the sensitivity of the analysis of degraded DNA samples (15 ) .
Careful primer and probe design are crucial to impede the amplification of nonspecific products (16 ) , which can result in failure to monitor the real-time amplification process (19 ) . The assay layouts with bipartite primers, comprising tags for hybridization of the universal primer and reporter probe, are approximately 90 nt long (17, 18 ) . These constructs are more expensive to synthesize and are prone to mispriming or secondary structure formation even at increased temperatures.
If both of the first-stage primers are tagged with the same sequence, the applied universal second-stage primer (18 ) shows a significantly decreased likelihood for primer-dimer formation (23 ) . But this primer layout is susceptible to all types of carryover contaminations that share the same universal primer (heterologous contamination). This can be avoided if only 1 primer is tagged (15) (16) (17) .
Assays employing a reporter probe that is complementary to the generic tag are susceptible to the detection of nonspecific amplification products. This effect is even more detrimental in multiplex reactions that have an increased possibility of nonspecific product formation or primer dimers.
The cleavage of a hydrolysis probe is reported to be the most efficient when the gap between the primer and probe is decreased to the lowest possible value (24, 25 ) . The detection of longer amplicons with a gap of up to 160 bp has been demonstrated using AUTP PCR (16 ) . However, the lowered cleavage efficiency could result in decreased sensitivity.
The cycling conditions, especially temperature and holding time, significantly affect the assay sensitivity and specificity (26 ) . Two-step cycling protocols with increased annealing temperature after the first 3 cycles [a "temperature switch" (18 ) ] may result in lower sensitivity, whereas protocols with reduced temperature, especially during fluorescence acquisition, provoke nonspecific product formation, e.g., if the fluorescence data are collected at a 25°C step (19 ) . This does not apply to some state-of-the-art thermocyclers, such as the Qiagen Rotor-Gene Q and Roche Light Cy- Symbols: black arrow, primer; grey box, universal tag; green circle, fluorophore; grey circle, quencher; G, guanine. (A), Stem-loop plus Q G -probe assay: the bimolecular stemloop plus Q G -probe assay (a) has a suppressed fluorescence emission because the fluorophore is in close proximity to an internal G nucleotide (b). Upon annealing to the target, the hairpin unfolds and the quenching effect is diminished (c). (B), 4WJ assay: annealing of 2 bipartite probes, each consisting of a target-specific and a generic region, provide a hybridization site for a Q G probe (a). Upon annealing, the fluorophore is brought into close proximity to a G in the generic region of 1 probe (b). 
Thrombophilia Coagulation factor V (proaccelerin, labile factor) (also known as factor V Leiden) (F5), Arg506Gln; coagulation factor II (thrombin) (also known as prothrombin) (F2), G20210A AEGIS Moser et al.
Adrenergic receptor group of G-protein-coupled receptor ADRB2, (dbSNP ID; rs1042713; G46A); adrenoceptor beta 3 (ADRB3) (dbSNP ID; rs4994; T190C); uncoupling protein 1 (mitochondrial, proton carrier) (UCP1) (dbSNP ID; rs1800592; A3826G)
Universal Q G probe Tani (Fig. 3A) . One of these primer molecules is tagged with a generic sequence complementary to the fluorescent-labeled oligonucleotide. The generic tag is incorporated into the amplicon after some initial PCR cycles. Subsequently, the universal duplex probe interacts with the tagged PCR product during the annealing phase. Thereafter, the fluorescent probe is introduced as the primer and the complementary quencher probe lessens the fluorescence emission. The next rounds of primer elongation involve the displacement or hydrolysis of the quencher probe, which leads to an increase in fluorescence emission. The AUDP PCR assay can be regarded as a universal adaptation of the antiprimer PCR (30, 31 ) , which possesses the same benefits of cost-effectiveness and single-labeled oligonucleotide layout. Monitoring of the amplification process is carried out using unique duplex probes and bipartite primers for different targets. The universal duplex probe system is independent of the 5Ј nuclease activity of the polymerase, thereby implying the inclusion of a broad range of suitable enzymes for assay development. However, the 5Ј nuclease activity cleaves the quencher probe and ensures irreversible signal generation.
The duplex probes interact with the tag and are thus independent of the amplified fragment. Therefore, the signals can be generated by misprimed amplification products.
Although the target panel was selected from the agricultural sector, the AUDP PCR was employed for quantification of the initial copy number, gene expression, and genotype discrimination (29 ) . The application of the AUDP PCR to clinically relevant targets and patient samples might increase its importance.
An expanded genetic information system. The introduction of an artificial Watson-Crick base pair (32 ) to extend the genetic alphabet has enabled the development of an expanded genetic information system (AEGIS) (9 ) . The unique feature of AEGIS is a bipartite primer that introduces a tag sequence with an iso-C/ iso-G dinucleotide to the amplicon. The polymerasedriven extension of the complementary strand is terminated after the first isonucleobase, and an amplicon with a single 5Ј overhang is generated. A universal duallabeled probe anneals to the tag, interfering with the DNA duplex. The Thermus aquaticus (Taq)DNA polymerase cleaves the resulting ternary structure, thereby releasing the 5Ј terminus of the probe with an attached dye that contributes to the increase in the fluorescence signal (Fig. 3B) .
As the tag sequence of the bifunctional primer can be kept unaltered in many different assays, the corresponding signaling probe can be used for each target. The parallel amplification of various NA loci can be done by employing distinct sets of AEGIS primer and corresponding probes.
Although the involved probe is structurally similar to established hydrolysis probes, the chemical constituents are distinct from the conventional oligonucleotides. Therefore, the lack of accessibility of the proprietary isonucleobases for customized oligonucleotide synthesis ended up hindering the introduction of this approach to the broad market. Apart from the occurrence of contamination, the formation of primer dimers and/or the nonspecific side reactions could have led to false-positive no-template controls in 2 independent experiments (9 ) . The AEGIS PCR was used for the detection of factor V Leiden and prothrombin mutations in clinical samples (9 ) .
The AEGIS PCR technology has been discontinued. However, the innovative isoC/isoG-dinucleotide system is still employed by Plexor TM technology (33 ) .
Universal strand displacement amplification. Strand displacement amplification (SDA) is a concerted reaction of nuclease-deficient DNA polymerase and restriction enzyme under isothermal conditions (34 ) that has extensive applications in clinical diagnostics (35 ) . Bipartite first-stage primers with a generic 5Ј tag allow target amplification and hybridization to a universal FRET probe (36 ) . The hairpin-shaped FRET probe [structurally related to a UniPrimer (10, 11 ), see section above] is modified with a fluorophore and quencher. Subsequently, the fluorescence emission is suppressed until the FRET probe unfolds in the next rounds of reverse primer extension. The conversion of the hairpin to a linear structure reveals the recognition site for the restriction enzyme. Thereafter, the duplex is cleaved, which disrupts the FRET pair and leads to irreversible fluorescence emission (Fig. 3C ).
The universal SDA has advantages in terms of increased cost-effectiveness and decreased duplication times (time to result, 15-30 min), providing amplification of stretches with increased GC content and having a tolerance of up to 10% whole blood (vol/vol) (36 ) . SDA assays are still niche applications in research laboratories but are well established as routine diagnostic assays for high-throughput screenings (35, 36 ) . The universal SDA assay was developed for the identification of SNPs related to the human ␤2-adrenergic receptor using different types of specimens (whole blood, buccal swabs, and urine samples). Commercially available SDA assays are available from Becton Dickinson and employed for the detection of Chlamydia trachomatis and Neisseria gonorrhoeae in in vitro diagnostic assays.
Target Amplification with Bipartite Probe
Probe-based detection has increased specificity for the selected target because the signal is generated only upon the hybridization of a probing oligonucleotide with a complementary stretch (21, 22 ) . Misprimed products and primer dimers, e.g., in multiplex reactions (23 ), do not interact with the probe, which results in the elimination of false positives. The ability to use target-specific probes with either a generic 5Ј (37 ) or 3Ј tag (38 ) provides various approaches, in which the probe is cleaved in a structure-specific manner and is hybridized to the target strand or forms a catalytically active complex.
Mediator probe PCR. Mediator probe (MP) PCR combines target amplification with detection using standardized fluorogenic reporters (Fig. 4A) . The bipartite MP comprises a target-specific 3Ј region and a universal, target-independent 5Ј region. When the probe anneals to the target, it forms a flap structure with the unpaired 5Ј region. During primer elongation, the MP is cleaved, followed by the release of the 5Ј region (mediator) (20, 39 ) . Instantly, the mediator anneals to the 3Ј stem of a hairpin-shaped universal reporter (UR) modified with a FRET pair. Initially, the fluorophore and the quencher are in close proximity on the opposite sides of the stem, which enables efficient quenching. The elongation of the mediator initiates the cleavage of the 5Ј terminus of the UR, which separates the fluorophore and quencher irreversibly or leads to strand displacement and unfolding of the hairpin structure, which contributes to increased fluorescence emission.
MP PCR is superior to the primer-directed detection principles presented earlier because it prevents the detection of nonspecific amplification products. The layout of the fluorogenic UR enables the FRET pair to be in close proximity, with high quenching efficiency of Ͼ90% (37 ), thereby enabling full signal emission after cleavage. The rigorous characterization of MP PCR has been done taking into account several validation parameters, e.g., limit of detection, intra/interassay imprecision, and duplex amplification (37 ) . The detection of various clinically relevant targets, such as human papilloma virus 18 (HPV18), Staphylococcus aureus, Escherichia coli, and the Homo sapiens DNA dilution series, has been successfully demonstrated using the MP PCR, which has excellent correlation with hydrolysis probe PCR. The coamplification of the target gene and internal control is done using unique combinations of target-specific and unlabeled mediator probes, and standardized URs modified with distinct FRET pairs. This rapid 2-step thermocycling protocol enables reliable quantification based on rapid thermocycling with just 6 s of time required for the combined annealing and extension step together with the readout (37 ) . DNA polymerases with 5Ј nuclease activity are mandatory for structure-specific cleavage, which is not a limitation because it is an inherent attribute of the commonly employed TaqDNA polymerases (39 ) .
MP PCR has been employed for quantification of pathogenic and human genomic DNA (37 ) .
A similar assay principle based on polymerasemediated cleavage of a bipartite probe and the detection of a cleavage fragment thereof by a fluorescent reporter oligonucleotide has been introduced recently by the Korean company Seegene and is referred to as TOCE TM technology (tagging oligonucleotide cleavage extension) (40 ) .
Multicomponent nucleic acid enzyme quantitative PCR.
DNAzymes are single-stranded, catalytic DNA molecules that can cleave, e.g., RNA substrates at a specific cleavage site (41 ) . The DNAzymes form a catalytic core and specific binding domain for substrate recognition by Watson-Crick base pairing (41 ) . Derived from the class of NA enzymes, multicomponent NA enzymes (MNAzymes) (42, 43 ) consist of 2 partzymes, with 2 distinct sites for substrate recognition and cleavage (Fig. 4B) . The MNAzyme is activated solely by the assembly of the bipartite NA complex. The detection of a target sequence can be facilitated by hybridization of an MNAzyme to the target, and cleavage of a dual-labeled reporter probe results in increasing fluorescence emission (Fig. 4B) . Owing to the modular nature of the MNAzyme complex, different targets can be detected by adaptation of the substrate-binding domain, whereas the same layout of the fluorogenic probe can be used.
MNAzymes have versatile applications. Besides the detection of a target sequence by signal amplification in an isothermal cleavage assay (42 ) , methylation-
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Review specific PCR assays, reverse-transcription quantitative real-time PCR (qPCR) and qPCR have been demonstrated with a multiplexing degree of up to 5 (43 ) . Although 5 oligonucleotides (2 primers, 2 partzymes, 1 reporter probe) were present for each target in the reaction mix, nonspecific signals were not detected. The outstanding specificity is based on 4 targeted hybridization events, which are required for amplification (2 primers) and detection (2 partzymes) (43 ) .
MNAzyme qPCR requires asymmetric PCR protocols for the generation of single-stranded targets which can interact with the MNAzyme complex (43 ) . These protocols may be time-consuming to establish and to optimize. Although the partzymes are low-cost DNA oligonucleotides, the reporter probe comprises 2 terminal FRET moieties and also 2 RNA nucleotides within a DNA stretch, which, in turn, require sophisticated oligonucleotide synthesis.
The principle of MNAzyme qPCR is commercialized in the Illumina's NuPCR assay for gene expression. Licenses for the use of MNAzymes are available from SpeeDx Pty.
Universal quenching probe. Fluorescent-tagged oligonucleotides susceptible to guanine-mediated quenching (Q G ) are termed as Q G probes and are clearly differentiated from quencher probes such as oligonucleotides with a quenching moiety (e.g., in AUDP-PCR). Q G probes utilize the intrinsic quenching by the guanine nucleotides (44, 45 ) . The universal Q G -probe assay (Fig. 4C) combines probe-based detection with the adaptability of a universal Q G probe (38 ) . The modular layout of the universal Q G probe consists of a bipartite discriminating probe with a target-specific region and a generic tag hybridized to a labeled reporter oligonucleotide. The annealing of the universal Q G probe to the target brings the fluorophore in close proximity to a guanine and reduces the fluorescence emission (46 ) .
The universal Q G -probe assay employs only 1 label, which results in the cost-effective detection of the target sequence or SNP. However, in contrast to the dual-labeled probes with a fluorophore and dedicated quencher moiety, the efficiency of guanine-mediated quenching is only about 25%-40% (44 ), which potentially limits the detection sensitivity. So far, the universal Q G -probe system has been described only for a fluorescent bodipy dye in unfavorable singleplex reactions. The guanine-mediated quenching might also be applicable to other common dyes [FAM (carboxyfluoresceine), JOE (6-carboxy-4Ј,5Ј-dichloro-2Ј,7Ј-dimethoxyfluorescein), HEX (hexachloro-fluoresceine), and TAMRA (trimethyl rhodamine) (46 ) , but the authors lack the respective data]. Therefore, it cannot be used in multiplex assays (47, 48 ) . Moreover, guaninemediated quenching has varying efficiency, as demonstrated by different universal Q G -probe configurations (38 ) . Of note, the employed polymerase requires 5Ј nuclease deficiency. Otherwise the probe disintegrates and its interaction with the target diminishes, thereby resulting in a false-negative result. The amplification with equimolar concentrations of primer entails the reannealing of amplified strands [hook effect (49 ) ] and circumvents the efficient hybridization of the universal Q G probe. Therefore, an asymmetrical PCR design, involving laborious optimization reactions, has been suggested for optimum Q G -probe interaction. Although guanine is ubiquitous in all genetic sequences, the prerequisite of a distinct terminal position occasionally requires a new probe design.
The Q G probe has been employed in quantitative PCR assays and SNP genotyping of targets related to the adrenergic receptor group of the G-proteincoupled receptor.
Amplification-Independent Assays (Preamplification Optional)
In cases in which the coupling of detection to amplification is not required, such as for high initial target concentrations or preamplified sample materials, the target sequence can be directly detected by signal amplification (50 ) or hybridization to NA sensors (51, 52 ) .
Serial-invasive signal amplification reaction. A variant of the invader assay combines the 2 subsequent cleavage reactions in a homogenous assay [serial-invasive signal amplification reaction (SISAR) (50 )] (Fig. 4D) . The bifunctional discriminating probe consists of 2 regions, i.e., the 3Ј-terminal stretch defining the genetic locus to be typed, and the 5Ј region, which is not complementary to the target, resulting in a flap structure after the formation of duplex between target and probe. The so-called invader oligonucleotide anneals to the region upstream of the discriminating probe and overlaps the first nucleotide of the hybridization duplex resulting in the formation of a ternary complex. Archaeoglobus fulgidus flap endonuclease (Afu FEN), an enzyme possessing structure-specific nuclease activity, cleaves the ternary complex to form a nicked duplex structure and releases the probe's 5Ј terminus. Thereafter, the flap fragment initiates the invasive cleavage of a reporter cassette modified with a FRET pair at defined positions and leads to an increased fluorescence signal. The flap dissociates from the truncated reporter cassette and triggers the processing of an uncleaved cassette, which effects the signal amplification by keeping the number of target molecules constant.
Because the nature of the flap requires a targetindependent sequence composition, the discriminating probe and the corresponding reporter cassette can be virtually combined with any NA by taking into account the target-specific region of the probe.
The structure motif required for cleavage of the discriminating probe is a ternary complex, which is formed only if the invader oligonucleotide interferes with the duplex of the target and discriminating probe, thereby making the invader assay exceptionally dedicated for SNP genotyping (53 ) . In contrast to the described PCR and SDA techniques, SISAR signal generation excludes the target amplification, leading to reduced risk of contamination. Additionally, the isothermal assay uses cheaper equipment in contrast to costly thermocyclers. Although the NA target is not amplified, there is tremendous signal enhancement because the released flap fragment triggers multiple rounds of secondary cleavage reactions. The release of up to 10 7 signal molecules per target in a 4-h assay run has been reported (50 ) , in addition to increased sensitivity and reduced assay duration in comparison with a conventional invader assay (54 ) . The SNP identification of a sample containing 600 copies of the methylenetetrahydrofolate reductase (NAD(P)H) (MTHFR) 5 target per reaction has been reported (50 ) . However, the method has a disadvantage, that the less-abundant targets mostly require PCR-driven preamplification (55 ) . The invader technology is proprietary reaction chemistry of Hologic.
NA Hybridization Sensors
The hybridization of NA may induce conformational changes in the involved oligonucleotides. In combination with guanine-mediated quenching of a Q G probe, the alteration of the secondary structure can be monitored without enzymatic activity. The universal quenching stem-loop probe sensor (52 ) consists of a hairpin-shaped capture probe for which the 5Ј arm is hybridized to a reporter probe with a terminal fluorophore (Fig. 5A) . In its native state, the fluorophore is quenched by a guanine of the capture probe. In presence of the target NA, the loop region hybridizes to the complementary sequence and the hairpin unfolds. As a consequence, the quenching effect of the guanine is reduced and fluorescence radiation is emitted.
The universal 4-way-junction (4WJ) sensor (51 ) employs a universal Q G probe and a set of upstream and downstream probes, with each probe having target-specific and universal regions (Fig. 5B) . In the presence of a target, the bipartite probes anneal to the specific regions, where the universal regions are accessible for hybridization to the universal Q G probe. This 4WJ formation positions the fluorophore of the Q G probe to a guanine dinucleotide in the generic region of the upstream probe and quenches the fluorescence emission.
A more detailed discussion of both methods is provided in the Data Supplement that accompanies the online version of this article at http://www.clinchem. org/content/vol59/issue11.
Comparison of Methods
Most of the methods presented for USD NAT compete successfully with the established testing methods because they provide sensitive NA detection, multiplexing capability, and an option to apply user-defined assay protocols. When comparing these methods against the requirements provided in the beginning of the review, the following picture emerges (see also the references in Table 1 ). (a) All of the presented USD NAT methods employ target-independent reporter molecules that respond to target amplification through a linkage by a bipartite primer or probe. (b) Assays that use doubly modified probes with dedicated quencher moieties (8 ) are capable of multiplexing (9, 11, 16 -18, 29, 36, 37, 43, 50 ) , whereas multiplex applications were not demonstrated to use guanine-mediated quenching principles (38, 51, 52 ) . (c) All of the USD NAT methods use common fluorophore and quencher combinations, providing platform-independent reaction chemistry. PCR-based methods (9, 11, 15-18, 21, 29, 38, 43 ) can be implemented on widespread real-time thermocyclers, whereas universal SDA and SISAR are isothermal approaches and are amenable to being processed on low-cost devices (e.g., the SISAR assay can be processed on a conventional PCR cycler and read out using a fluorescent plate reader (56 ) . (d) Most USD NAT methods are based on PCR target amplification and can be easily adapted from existing PCR designs and thermocycling protocols (9, 11, 15-17, 29, 37, 43 The individual cost savings of each USD NAT method depend on many factors, such as sample throughput, number of analytes in a testing panel, number of manual processing steps, degree of automation in the laboratory, and individual discount on the procurement of reagents by scaling up the quantity. The universal fluorogenic reporter molecules benefit from economy of scale and can be purchased in bulk and employed in a multitude of diverse assays. This important feature differentiates universal testing methods from conventional testing approaches that employ tailor-made and expensive reporter probes (e.g., hydrolysis probes or molecular beacons) for each target or locus. However, there is much diversity and complexity among the USD NAT methods. The differences among methods include varying numbers of oligonucleotides, nonstandard modifications of the involved oligonucleotides, and different classes of enzymes employed in the assays. A concise overview of these characteristics together with a cost assessment is presented in Table 3 . Of note, the cost assessment given in Table 3 is of a qualitative nature and does not substitute for an individual calculation. In addition, individual licensing fees or kit discounts also play a role in cost assessment, which could not be considered in Table 3 .
Conclusion
The development of novel testing approaches is motivated by the dual incentives of reducing expenses and lowering complexity in clinical tests. Various concepts have been developed for the USD NAT, with potential applications in research and healthcare settings for diagnostics and assay development.
The USD NAT methods presented are being applied mainly to target test panels with high clinical significance, such as cardiovascular diseases (9, 11, 17 ) , metabolic disorders (13, 18, 50 ) , cancer screening (15, 18, 43 ) , and detection of pathogens (37 ) . Comparisons of various USD NAT methods and established reference methods such as restriction digestion, sequencing, hydrolysis probe PCR, or invader assay have successfully demonstrated concordant results in terms of specificity, SNP identification, or quantification of pathogen loads. However, the evaluation of analytical sensitivity of various assay principles is difficult, as different nonharmonized methods have been employed. Therefore, the limit of detection should be determined according to recommended guidelines for assay validation (57, 58 ) , as applied to the MP PCR (37 ) .
The selection of enzyme(s) involved in amplification and detection strongly affects the analytical performance of an assay. We have summarized the existing detection techniques and divided the assay principles into categories based on whether or not 5Ј nuclease activity and strand displacement activity are required (Table 1) . These attributes have to be considered during assay development, as TaqDNA polymerases exhibit no strand displacement activity (20 ) and 5Ј nuclease activity differs considerably among commercially available polymerases (59 ) .
In terms of specificity of target detection, 2 classes of universal approaches can be distinguished. The first is the use of locus-specific bipartite first-stage primers to introduce a generic tag sequence to the amplicon. In this case even careful primer design cannot exclude nonspecific amplification products that can lead to false-positive results, especially under nonoptimized reaction conditions or in multiplex analyses. Moreover, any type of carryover contamination will give a signal if the same second-stage detection reagents are shared between the different targets. The second approach is the use of probe-based detection systems that achieve high specificity by combining target-specific primers and probe. In the case of nonspecific product formation, the amplification artifact does not contribute to the actual fluorescence detection signal. Among the probe-based USD NAT systems, the universal SDA and the mediator probe PCR excel by providing 3-target-specific binding and their capability of duplexing.
In summary, USD NAT represents a flexible and more cost-effective alternative to established techniques such as hydrolysis probe PCR and molecular beacon assays, with no restrictions in terms of assay validity. This review may serve as a guide for the selection of a USD NAT method that ideally matches the requirements of the intended application. 
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